Glycoproteins have been implicated in many types ofrecognition phenomena, and these kinds of molecules appear to play key roles in differentiation, tissue development, transformation, and so on. Thus, many of the receptor sites for honnones or other small molecules, or for cellcell interactions, are glycoproteins (19) . There is also evidence indicating that glycoproteins and perhaps other complex carbohydrates are involved in the specific adherence of bacteria to mammalian cells (13) . For example, group B streptococci bind to kidney epithelial cells, but only after the kidney celLs have been infected with influenza virus (16, 17) . Apparently, the bacteria recognize viral hemagglutinin, a glycoprotein which is inserted into the mammalian cell membrane before exit of mature virus. This system then offers an excellent opportunity to study the interaction of macromolecules on the mammalian cell surface with those on the bacterial cell surface. In this report we describe a radioactive assay which allows us to quantitate the binding of streptococci to the mammalian cells. We also report the effect of tunicamycin and streptovirudin, two antibiotics that have been shown to inhibit the glycosylation of some membrane glycoproteins ( (16) . A prototype strain of group B streptococci, type Ic (strain A909), was used in these studies (9) . The bacteria were grown in 2-liter flasks containing 1 suspension was removed with a Pasteur pipette and placed in a scintillation vial. The well was washed with 0.5 ml of water which was also added to the vial. A 10-ml amount of a Triton'toluene scintillation fluid was then added to the scintillation vial, and radioactivity was measured in a Packard liquid scintillation spectrometer. In some cases the cell suspension was digested in Protosol before the scintillation fluid was added, but this did not improve or alter the counting efficiency. To determine whether there was any quenching as a result of increasing numbers of bacteria or other additions, known amounts of radioactivity were added to various vials as internal standards.
Counting efficiency was the same in the various experiments (e.g., Fig. 1 to 3 ). There could be as much as 25% variation in the amount of 3H-labeled streptococci bound from 1 day's experiment to the next. This was probably due to the efficiency of virus infection in different experiments. Therefore, each of the experiments was repeated several times, and controls were always done with various amounts of streptococci.
In some experiments, various other unlabeled bacteria were tested to determine whether they were able to inhibit the binding of group B streptococci. In these cases, the unlabeled bacteria at the appropriate concentrations were mixed with the 3H-labeled group B streptococci in Hanks solution, and this mixture was layered on the kidney cells.
Synthesis of lipid-linked saccharides and glycoproteins. MDCK cells were grown and infected with virus as described above. Control and infected cells were grown in 25-cm2 bottles containing 5 ml of Eagle medium as described above. These cells were used for studying the incorporation of sugars and amino acids into various intermediates and macromolecules. To initiate these experiments, the medium was removed and 5 ml of Hanks solution was added.
Various concentrations of tunicamycin or streptovirudin were added and, after 1 h of incubation with these antibiotics, 5 MCi of [3H]mannose was added and the incubations were continued for various periods of time. At each time point, a flask was removed, the medium was decanted, and the secreted protein in the medium was precipitated by the addition of trichloroacetic acid to a final concentration of 5%. The precipitate was isolated by centrifugation, suspended in 1 ml of Protosol, and placed in scintillation vials for counting in a Triton-toluene scintillator in a Packard scintillation spectrometer. The cell monolayer was layered with 1 ml of water, and the cells were scraped from the surface of the flasks with a rubber policeman. The cell suspension was transferred to a tube and 2 ml of CHCl3-CH30H (1:1, vol/vol) was added. After thorough mixing, the layers were separated by centrifugation. The lower CHC13 layer, which contained the mannosyl-phosphoryl-dolichol (2) , was removed and placed in another tube, and the aqueous phase and interface were extracted with another milliliter of CHC13. The CHCI3 layer from this extraction was added to that from the first CHCI3 extraction, and the combined CHC13 layers were washed with CHC13-
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The aqueous phase and interface remaining after the first extraction were used to isolate lipid-linked oligosaccharides and membrane glycoproteins (2) . A 1-ml amount of CH30H was added to this aqueous phase to solubilize any remaining CHC13, and the insoluble material (cell pellet) was isolated by centrifugation. The pellet was washed several times by suspending it in 5 ml of 50% CH30H and reisolating the pellet by centrifugation. The washed pellet was suspended in 5 ml of CHCl3-CH30H-water (10:10:3, vol/ vol/vol) to extract the lipid-linked oligosaccharides (26) . After remaining for 30 min in this solvent, the pellet was reisolated by centrifugation. The 10:10:3 solvent was placed in scintillation vials, dried under a heat lamp, and counted in the Triton-toluene scintillation fluid. The pellet was washed with 5% trichloroacetic acid and then with water before being suspended in Protosol (New England Nuclear Corp.) and placed in the Triton-toluene scintillation fluid for counting in a Packard scintillation spectrometer.
RESULTS
Quantitation of bacterial adherence. Initially we tried labeling the streptococci by growing them in a mineral salts medium with ['IC]-fructose. These labeled bacteria did bind to the kidney cells (Table 1) . When the '4C-labeled group B streptococci were incubated with influenza A virus-infected MDCK cells, radioactivity adhered to the MDCK monolayer and was not removable by repeated washing. However, the labeled streptococci did not adhere to uninfected MDCK cells. As expected, the binding of these "C-labeled streptococci could be inhibited by adding unlabeled group B streptococci but it was not affected by adding streptococci from groups other than B. These results suggest that the interaction is specific for some macromolecule on the group B streptococci. However, the background non-specifically-bound radioactivity was too high for a satisfactory assay (Table 1) .
Group B streptococci could also be labeled (11) . The binding of these 3H-labeled streptococci to the infected MDCK cells was proportional to the number of streptococci added to about 5 mg of cells (Fig. 1) . In one case (Fig. 1A) , undiluted 3H-labeled streptococci were used for binding, whereas in the other experiment the labeled streptococci were diluted three-fold with unlabeled group B streptococci. In the experiments described below, we used both the undiluted 3H-labeled streptococci and the diluted mixture.
Specificity (Fig. 2) . In this experiment, purified influenza virus (256 hemagglutinating units) was mixed with various amounts of 3H-labeled streptococci (undiluted bacteria as in Fig. 1A ) and allowed to incubate for 30 min. The mixture was then layered over either uninfected or virus-infected MDCK cells. The control curve in this figure represents 3H-labeled streptococci added to the virus-infected MDCK cells in the absence of free virus. It can be seen that the free virus interacted with the streptococci and inhibited their adherence, and this inhibition was much more pronounced when fewer streptococci were used. The lower two curves in Fig. 2 show that 3H-labeled streptococci did not bind to uninfected MDCK cells, either in the presence or absence of free virus.
Effect of tunicamycin and streptovirudin on adherence of bacteria. (16) . However, this visual determination correlated well with the radioactive assay (see below and Fig. 1 ). At about 0.15 ,ug of tunicamycin per ml there was a substantial loss of hemagglutinin activity both in the MDCK cells and in the medium (Table 3) . There was also an almost complete loss in binding.
Higher concentrations of antibiotic were completely inhibitory to both virus maturation and bacterial adherence. Similar results are shown in Fig. 1 , where it can be seen that 0.15 ,ug of tunicamycin completely inhibited the adherence of 3H-labeled streptococci regardless of the number of streptococci added to the MDCK cells. Another antibiotic, streptovirudin (Table 4) , had an action similar to that of tunicamycin. This is also shown in Fig. 1 , which indicates that 0.25 jg of streptovirudin caused about 40% inhibition of binding regardless of the number of streptococci added. These antibiotics cannot be compared directly in terms of the amount required for inhibition since the purity may differ, but both have the same mechanism of action (Elbein et al., in press).
The time of addition of antibiotic to these MDCK cells appeared to be critical (Fig. 3) . MDCK cells were infected with influenza virus and, at various times after the addition of virus, tunicamycin was added. Bacterial adherence was measured by adding 3H-labeled streptococci to these kidney cell monolayers and determining the amount of 3H bound. Tunicamycin added within about 6 h after the virus resulted in substantial inhibition of bacterial adherence. However, after about 7 to 8 h of incubation with virus, tunicamycin was no longer able to inhibit adherence. Presumably at this time viral proteins were already synthesized (and glycosylated) and, therefore, bacterial binding could occur. Other workers have shown that after about 7 to 8 h of virus infection, tunicamycin can no longer block the formation of mature virus (20) .
To be certain that tunicamycin was not killing the MDCK cells, cell viability was checked by the trypan blue dye exclusion method. Up to 0.6 ,ug of tunicamycin per ml did not result in any loss of viability within 24 h of incubation. Higher concentrations of tunicamycin were not tested since 0.6,ug/ml is beyond the range used in these experiments.
Effect of tunicamycin on the synthesis of lipid-linked saccharides and glycoproteins. Since tunicamycin and streptovirudin blocked bacterial adherence, presumably as a result of inhibiting viral glycoprotein synthesis, it was of interest to determine their effect on various syn- tunicamycin, and the incorporation of radioactivity into the various lipid-linked saccharides and into glycoprotein was followed. Figure 4 shows the formation of the various lipid intermediates. Tunicamycin caused some inhibition in the formation of the first mannolipid, mannosyl-phosphoryl-dolichol, and this inhibition was most pronounced in uninfected cells (Fig.  4A) . However, in general, inhibition of this mannolipid by tunicamycin or streptovirudin was usually quite limited.
On the other hand, tunicamycin had a pronounced effect on the formation of lipid-linked oligosaccharides (Fig. 4B) . In this case, both the virus-infected and control cells incubated in the presence of tunicamycin showed relatively little synthesis of the lipid-linked oligosaccharides as compared with cells in the absence of antibiotic. The difference in the amount of radioactivity seen in these lipids between virus-infected and control cells lacking tunicamycin may have been due to the fact that virus-infected cells were rapidly synthesizing viral glycoproteins and, therefore, lipid-linked oligosaccharides were rapidly utilized as intermediates.
The effect of this antibiotic on the incorporation of mannose into glycoprotein was also examined (Fig. 5) . Figure 5A shows the effect on membrane glycoprotein, i.e., glycoprotein which remains with the cell pellet after extraction with organic solvents, trichloroacetic acid, and water. Tunicamycin markedly inhibited the incorporation of mannose into membrane glycoprotein, and this inhibition was more pronounced in the virus-infected cells than in uninfected cells. This is probably due to the fact that virus-infected cells were rapidly synthesizing two viral glycoproteins, both of which were inhibited by tunicamycin, whereas in control cells many membrane glycoproteins were being formed and not all of them were sensitive to tunicamycin (8) . Figure 5B shows the incorporation of mannose into secreted glycoproteins and the effect of antibiotic on this synthesis. In uninfected cells, the secretion of glycoproteins was quite low at all times, but the appearance of these radioactive proteins was inhibited by tunicamycin. On the other hand, virus-infected cells showed a large increase in the secretion of glycoproteins at about 12 h, and this rise was inhibited in those cells that were incubated with tunicamycin. This increase in secreted protein was probably due to the release of virus, along with the viral glycoproteins, from these cells. The evidence in this paper indicates that the glycosylation of these glycoproteins is inhibited by tunicamycin and streptovirudin. (20) that tunicamycin blocks the appearance of the influenza hemagglutinin and also prevents the formation of mature virions. Tunicamycin has been shown to inhibit the formation of GlcNAc-pyrophosphoryl-dolichol in cell extracts of various tissues (Elbein et al., in press; 4, 21, 24, 25) . This lipid intermediate is essential for the formation of lipid-linked oligosaccharides which participate in glycosylation of those proteins having a mannose-GlcNAc core oligosaccharide attached to asparagine on the protein (3, 6, 22) .
In the study described in the paper, we also tested the effect of tunicamnycin on virus-infected kidney cells and found that with increasing antibiotic concentration there was a progressive loss of hemagglutinin, an absence of mature virus, and a lack of bacterial adherence. All three of these parameters were closely correlated. Thu's, the data strongly suggest that viral hemagglutinin, a glycoprotein that becomes inserted into the cell membrane, is responsible for adherence of streptococci. However, these data do not necessarily indicate that the carbohydrate portion of this protein is involved in recognition. Thus, the carbohydrate may be nec- essary for this protein to be inserted into the cell membrane rather than for streptococcal recognition. Since glycosylation does not occur in the presence of tunicamycin, the protein does not function in the normal way. It is not certain that glycoproteins are the receptors for adherence of all bacteria, but they have been implicated in some systems. Thus, the adherence of Escherichia coli to human mucosal cells is blocked by the addition of mannose and methyl-mannoside, indicating that mannose receptors are involved (13) . In other cases, the components are only partially known. For example, the lipoteichoic acid of group A streptococci is apparently involved in attachment of these cells to oral mucosal cells (1) . In gram-negative organisms, pili apparently mediate the binding to epithelial cells (14, 23) . Thus, it seems likely that these interactions involve, both carbohydrate and protein components. The radioactive assay described here should enable one to isolate the individual macromolecules involved in attachment and determine their chemical composition.
